We present a comprehensive study that integrates experimental and theoretical nonequilibrium techniques to map energy landscapes along well defined pull-axis specific coordinates to elucidate mechanisms of protein unfolding. Single-molecule force-extension experiments along two different axes of photoactive yellow protein combined with nonequilibrium statistical mechanical analysis and atomistic simulation reveal energetic and mechanistic anisotropy. Steered molecular dynamics simulations and free-energy curves constructed from the experimental results reveal that unfolding along one axis exhibits a transition-state-like feature where six hydrogen bonds break simultaneously with weak interactions observed during further unfolding. The other axis exhibits a constant (unpeaked) force profile indicative of a noncooperative transition, with enthalpic (e.g., H-bond) interactions being broken throughout the unfolding process. Striking qualitative agreement was found between the force-extension curves derived from steered molecular dynamics calculations and the equilibrium freeenergy curves obtained by Jarzynski-Hummer-Szabo analysis of the nonequilibrium work data. The anisotropy persists beyond pulling distances of more than twice the initial dimensions of the folded protein, indicating a rich energy landscape to the mechanically fully unfolded state. Our findings challenge the notion that cooperative unfolding is a universal feature in protein stability.
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nonequilibrium dynamics ͉ photoactive yellow protein ͉ biophysics A key step toward connecting protein structure, dynamics, and function is the insightful mapping of energy landscapes (1) . A proper set of reaction coordinates encodes the progress of a transition through the dynamical bottleneck region and correlates energetics with structure. Significant advances, both experimental and computational, have been made to map energy landscapes and understand protein (un)folding mechanisms (2) . Experimental methods such as fluorescence quenching (3), fluorescence resonance energy transfer (4), hydrogen exchange (5), and small-angle x-ray scattering (6) yielded insights into the rates and structures of folding intermediates. A common result emerging from these studies on a range of small water-soluble proteins is that protein unfolding occurs in a cooperative, all-or-none, transition with a single dominant barrier separating the native and unfolded states (7, 8) . However, these approaches tend to sample thermodynamically favorable pathways and do not address why other paths are not preferred. For example, a gradual progression of partially unfolded intermediates is usually not detected for these small proteins, possibly because such conformational states are not populated to a measurable extent. Recently, thermal unfolding studies exhibited thermodynamically noncooperative behavior (9, 10) . Hence, the molecular basis for the cooperativity of protein folding is a matter of considerable debate (11) .
In addition, unfolding (i.e., both chemical and mechanical) is a highly nonequilibrium process where the ''standard'' nearequilibrium fluctuation-dissipation theorem, based on the Onsager regression hypothesis (12, 13) , is of questionable validity. Therefore, both measurements and theory/formalism for interpretation must be properly conceived to yield meaningful results. Here, we address these challenges by (i) designing a set of structural coordinates (14) (Fig. 1A) , (ii) measuring protein conformational changes along two distinct protein axes with single-molecule force experiments performed over a range of pulling velocities (15, 16) , (iii) mapping the energy landscape onto these well defined structural axes by using kinetic (17) (18) (19) (20) and nonequilibrium statistical mechanics analysis of the experimental data (21, 22) , and (iv) conducting steered molecular dynamics (SMD) (23) simulations. Together, these techniques allow one to explore projections of the energy landscape from nonequilibrium processes that ultimately allow gaining new insights into why the thermodynamic coordinate is as it is.
Protein resistance to mechanical unfolding has been shown to depend on pulling geometry (14) (15) (16) (24) (25) (26) . Anisotropy in the unfolding force, the distance to the transition state and the force-free unfolding rates have now been reported for four different proteins (14, 15, 24, 25) . These results reflect the specific secondary structural elements included in the pulling coordinate(s). For example, force-induced unfolding of GFP involves a partially unfolded intermediate along certain axes (24) . In the present article, we provide thermodynamic and mechanistic descriptions of the anisotropy. We find highly anisotropic free-energy curves along two protein axes: the protein undergoes a cooperative unfolding transition along one axis and a noncooperative unfolding process along the other. Furthermore, our analysis allows insight into the entropic and enthalpic contributions to unfolding. The corroborative findings from this comprehensive combination of experimental, simulation, and statistical mechanical methods that we employ allow quantitative mapping of the axis-based energy landscape for protein stability and function.
Background on the Photoactive Yellow Protein System
Photoactive yellow protein (PYP) (27, 28) , in both its ground and photoexcited states, is examined as a test case. PYP from the halophilic photosynthetic bacterium Halorhodopsira halophila is a blue light receptor involved in negative phototaxis (29) . It is a prototype PAS domain, a ubiquitous protein module with a common three-dimensional fold that serves in a wide range of regulatory and sensory functions in all domains of life (30, 31) . The isolated protein displays photochemical activity based on the photoisomerization (32) of its p-coumaric acid (pCA) chromophore (33, 34) . Time-resolved visible (35, 36) and FTIR (37) spectroscopic studies have revealed a series of intermediates in the PYP photocycle (38) . The two states of PYP that are relevant to the work presented here are the initial dark state of PYP (pG) and the longest-lived intermediate (pB), which forms in 1 ms and thermally decays to the pG state on a second time scale.
The structure of the stable ground state of PYP (pG state, see Fig. 1 A) has been investigated by x-ray crystallography (39) and multinuclear NMR spectroscopy (40) . The structure of PYP without the first 25 residues (termed ⌬25PYP) in the pB state has recently been investigated by NMR experiments (41) and parallel tempering molecular dynamics (MD) simulations (42) . This structure is consistent with spectroscopic studies [FTIR (32) , NMR (35, 43, 44) , H/D exchange (37, 45) , fluorescence (46) , and circular dichroism (40) ] of the pB state in aqueous solution. That is, PYP partially unfolds its PAS domain during the photocycle, and this may be a key process in its signaling function (47) .
Results and Discussion
Experimental Results and Kinetic Analysis. Two different Cys-linked multimers of PYP (polyPYP) were constructed (14) with Cys mutations at residues 36/128 and residues 48/85 (see Materials and Methods). When a polyPYP chain is stretched at the two ends (e.g., residues 48/85), the force is distributed across the region between the two Cys mutations within each PYP monomer (the sequence between the mutated residues is yellow in Fig. 1 ). Thus, these single-molecule force experiments are expected to be sensitive to the local structural changes primarily within the selected regions. Fig. 1 shows representative experimental forceextension curves (and the resulting histograms) for 36/128 and 48/85 polyPYP without and with illumination; that is, pG and pB states, respectively. The unfolding forces for unilluminated (i.e., dark) PYP along the 36/128 and 48/85 axes are distinctly different; the average values of the distributions are 137 pN and 77 pN, respectively. The anisotropy in ⌬F implies that interactions and unfolding pathways in the two regions defined by these two Cys pairs (or pulling axes) are not identical. Photoexcitation of PYP decreases the average unfolding force along both axes by Ϸ30%; this is qualitatively consistent with destabilization of the light-activated pB state (48) caused by its partial unfolding (14) .
Since unfolding forces depend on pulling rate, we obtain further information on the energy landscape for the unfolding process from experiments at 0.65, 6.6, 30.0, and 110 nN/s loading rates for 36/128 polyPYP and 0.86, 6.4, and 37 nN/s loading rates for 48/85 polyPYP. Fig. 2 shows the average experimental rupture force as a function of pulling velocity for 36/128 and 48/85 polyPYP in the dark and under illumination together with fitted curves; straight lines are from a Bell's (49) tion from single-molecule experiments is a matter of debate (50) . Nevertheless, the fitting parameters obtained show that the trends from these models are in qualitative agreement (see SI Table 1 ). The parameters show that the distance to the barrier is significantly smaller for the 36/128 axis than for the 48/85 axis, whereas the force-free unfolding rate is larger for 36/128 than for 48/85. Conversion of PYP to its pB state by laser illumination has little effect on the distance to the transition state, whereas the force-free unfolding rates increase along both axes. This increase is consistent with the idea of light-induced partial unfolding of PYP (48) . Thus, the parameters for the two one-dimensional coordinates reveal anisotropy in the distance-to-the-barrier and the unfolding rates.
Free-Energy Landscape Projections.
A modified version (19, 20) of Jarzynski's nonequilibrium work relation (21) was used to extract free-energy curves from the experimental force-extension curves (22) (Fig. 3; 
for details, see Materials and Methods and SI Text).
The resulting free-energy curve for the 48/85 coordinate is monotonically rising and nearly featureless, that is, no obvious barriers. In contrast, the 36/128 coordinate shows a free-energy barrier at short extensions, a steep rise to the discontinuity (or transition state), and a gradual rise afterward for both dark-and light-activated PYP. The anisotropic character of the freeenergy curves along these axes is clear; the findings suggest a large variation in the ensemble of conformations that are thermodynamically accessible during unfolding along different pulling axes. These conclusions are independent of parameters (see SI Text). The curves shown in Fig. 3 are obtained from a fit to the experimental data by using an extensible version of the freely jointed chain model (mFJC) (51). Our atomic force microscopy (AFM) experiments probe the regime where the end-to-end distance approaches the contour length of the protein sequence defined by the attachment points. In this regime the elastic response may be affected by energetic contributions besides reduction of conformational entropy; that is, both entropy and enthalpy contribute to the free energy. Various models have been used to describe this so-called high-force regime (51, 52) . The mFJC is a simple model of polymer physics that captures the entropic and enthalpic aspects of polymer behavior. The model involves an entropic term for the alignment of statistically independent Kuhn segments of length b and an enthalpic term to account for the stretching of a segment under the external force with stretch modulus S. Thus, analysis using this model allows establishing the relative importance of the enthalpic and entropic contributions to the force-extension response (and hence the free energy). The mFJC model well fit the experimental force-extension curves for 36/128 PYP with relatively large values for b and S, associated with the upward curvature of the data (see Fig. 4 and SI Text), indicating that the response is largely entropic. In contrast, relatively small values for b and S were found for the 48/85 axis, giving linear (or even negative curvature) force-extension curves, suggesting that unfolding along the 48/85 axis is caused by enthalpic as well as entropic elastic responses. The collection of pulling curves along these two axes generally exhibited these contrasting behaviors (see SI Text).
Structural Insights from SMD Simulations. Insights into the structural changes that occur in PYP during these force-extension experiments are obtained from SMD simulations on PYP monomers. In our simulations, the distance between two residues corresponding to those used in the experiments was gradually increased by the application of an external force at constant velocity (see Materials and Methods and SI Text). Because the simulation time is several orders of magnitude too short to achieve all protein structural changes associated with spontaneous pB formation (23) and 6 orders of magnitude faster than the pulling rate in the AFM experiments, one does not obtain quantitative energetic (force) information. However, it has been shown that SMD simulations are capable of capturing the pattern of disrupted interactions during mechanical unfolding (23).
The simulations reveal very different unfolding pathways for the two pulling axes. The simulated force-extension response along 36/128 exhibits a force peak, whereas the simulated force-extension response along 48/85 exhibits a force plateau (Fig. 5) . Thus, there is a remarkable qualitative agreement between the derivative of the experimental free energy and simulated force-extension curves. The barrier position and forces change with pulling rate as expected (i.e., in qualitative agreement with Fig. 2 and SI Table 1 ). Analysis of the molecular structures obtained from the simulations reveals that the protein's resistance to unfolding under external force applied along the 36/128 axis is caused by inter-␤-strand hydrogen bond breaking. Fig. 6 shows that the overall structure of PYP remains essentially intact as residues 36 and 125 extend, whereas the hydrogen bonds between ␤-strands 1 and 6 experience increasing amounts of strain up to an extension of Ϸ1.2 nm. At Ϸ1.2 nm the simulations reveal an abrupt structural change; all 6 hydrogen bonds between ␤-strands 1 and 6 are disrupted with a concomitant sliding of these two strands. This rupture coincides with the peak of the unfolding force shown in Fig. 5 . Once these hydrogen bonds are broken, the protein unfolds; the subsequent unfolding is relatively smooth. This unfolding mechanism is an all-or-none (cooperative) process. However, a gradual loss of structure in various regions of PYP is observed as it is pulled along the 48/85 axis; interestingly, the hydrogen bonds between ␤-strands 1 and 6 remain intact up to an extension of at least 5 nm.
Further analysis of the SMD results (see SI Text) is in agreement with these structural observations. For the 36/128 axis, the number of intramolecular hydrogen bonds is nearly constant during the initial stage of pulling and decreases abruptly around the transition state region, where the force peaks (14) . However, pulling along the 48/85 axis results in a continuous disruption of hydrogen bonds throughout the simulation. Similarly, the protein backbone rms deviation increases smoothly when PYP is pulled along the 48/85 axis, whereas a sharp increase is observed for the 36/128 axis near the transition region. Thus, these simulations provide structural insights into two very different mechanical unfolding pathways of pG.
To examine the structural changes that occur during the force-induced unfolding of the pB state, SMD simulations were performed by using the NMR structures of the pG and pB states of ⌬25PYP (41). The trends observed in the SMD simulations of the pB state of ⌬25PYP are similar to simulations of the pG state (see SI Text): a transition-state-like feature is observed along the 36/128 axis, whereas a continuous disruption of native contacts occurs along the 48/85 coordinate. The peak force is smaller and occurs at a shorter extension for the pB state. The smaller unfolding forces and reduced cooperativity (and shortened distance to the transition state) for the pB simulation can be explained by the already partially disrupted network of native fold interactions characteristic of the pB state and the finite force sensitivity (i.e., noise limit) of the AFM-based measurement.
Integrating AFM Experiments, Kinetic Analysis, SMD Simulations, and Experimental Free-Energy Curves Developing a fundamental understanding of protein unfolding requires obtaining detailed kinetic, thermodynamic, and structural information for relevant and well defined reaction coordinates. We address this challenge by using the integrated and synergistic approach described above. First, Cys-directed multimerization (14, 24, 53, 54) allows the experimental selection of well defined unfolding coordinates (i.e., the distance between two amino acid residues). Pulling-rate-dependent measurements provide kinetic information. Jarzynski-Hummer-Szabo (JHS) analysis of the experimental data allows construction of the free-energy curves (i.e., potential of mean force) along these coordinates. SMD simulations yield detailed information on the interactions that are disrupted during pulling along the reaction coordinate. Note that the force-extension behavior obtained from SMD is to be compared with the derivative of the free energy (i.e., potential) obtained from analysis of the experiments. The consistency of this comparison is a clear validation of the approach used here. Finally, application of the mFJC model reveals the role of entropic and enthalpic elasticities in unfolding; enthalpic information (e.g., bond rupture) is also directly deduced from SMD simulations, while the entropic component is inferred from the mFJC fit to the data and from a comparison between experimental and SMD force-extension curves.
The striking anisotropy was detected in several properties of unfolding along the two pulling axes: (i) The unfolding force, ⌬F, differs by nearly 2-fold. (ii) In both experiment and simulation, the pulling axes show qualitatively different force-extension curves: there is a force peak along the 36/128 axis and a force plateau for 48/85. (iii) The elastic response for the 36/128 axis data are purely entropic, whereas the 48/85 axis is a combination of both entropic and enthalpic elastic responses. (iv) A relatively small change in the distance between residues 36 and 128 leads to a sharp order-disorder transformation that is typical of cooperative unfolding transitions (11) . Other coordinates, as exemplified by the 48/85 axis, allow partially unfolded intermediates separated by low-energy barriers to be sampled throughout a noncooperative unfolding process, as reflected in the progression of loss of structure, rms deviation, and number of hydrogen bonds during the pulling in SMD simulations. Analysis of the SMD simulations provides the structural insight to the transition state along the 36/128 axis: the sliding of ␤-strands 1 and 6 and disruption of all 6 hydrogen bonds between these strands. (v) The equilibrium (i.e., in the absence of mechanical pulling) free-energy curves obtained from the JHS analysis of the experimental data show that the free-energy landscape is anisotropic. The free-energy curve for the 36/128 axis shows a discontinuity at the transition state, whereas a featureless but monotonically rising free-energy curve is observed for the 48/85 axis. (vi) The unfolding rates extrapolated to zero external force differ significantly (i.e., Ͼ1,000-fold). In the limit of sufficiently high friction, relevant to the unfolding of a complex macromolecule, the rate of a Kramers process is proportional to the curvature of the energy surface at the transition state. Indeed, we observe that unfolding is faster along the 36/128 coordinate, which has a sharper energy barrier, even though it is higher. In contrast, slow unfolding along the 48/85 coordinate is along an essentially featureless (within the sensitivity of our measurement) but very broad free-energy curve (Fig. 3) ; the SMD simulations indicate that the unfolding path proceeds through ''intermediates'' separated by relatively small barriers. The present AFM measurement is only sensitive to the resultant very wide effective barrier, which can result in a smaller unfolding rate constant as observed here (55) . (vii) The anisotropic nature of the unfolding process persists up to large extensions as seen in Figs. 3 and 6 .
Conclusions for Anisotropy of Unfolding
New mechanistic and functional insights can be obtained from the response of the protein as it is driven away from the thermodynamic equilibrium state. In the context of a more general discussion of folding energy landscapes, anisotropic behavior may be important for understanding unfolding that occurs during protein degradation and protein translocation across membranes. In vivo studies of protein unfolding have shown that the resistance of a protein to unfolding is not determined by its stability against global unfolding, as measured by temperature-or denaturant-induced unfolding in vitro. Instead, resistance to unfolding is determined by the local structure that proteases and translocases encounter first as they catalyze the extension of polypeptide chains (56) . Therefore, the combination of mechanical unfolding studies that probe the local unfolding of selected regions of a protein along a selected direction with JHS analysis of the experimental data are suited to study the connection between anisotropy in the energy landscape and protein unfolding in vivo.
We propose that in the absence of an external force the noncooperative coordinate does not have an energy barrier to ''trap'' the protein in an intermediate along this coordinate. The protein may undergo thermal (structural) diffusion along this coordinate, but this diffusive process will strongly favor returning the system to the native state. In contrast, a similar diffusive process along the 36/128 axis can result in the crossing of the predominant energy barrier. This barrier will then prevent the rapid diffusion of some proteins in the ensemble back to the initial state, allowing an all-or-nothing transition. Thus, the difference in unfolding mechanisms along two different unfolding axes reported here is a particular example of cooperativity; diffusive unfolding along noncooperative axes can proceed much more slowly than diffusion over the single barrier encountered for cooperative unfolding axes.
Finally, in addition to mechanical, kinetic, and structural information on axis-dependent anisotropy in protein unfolding, we have now provided further thermodynamic insights into the anisotropy of the energy landscape by deriving equilibrium free-energy curves from the application of the JHS relation to our experimental data. Moreover, we have shown that PYP can unfold by either a cooperative or noncooperative mechanism, depending on the pulling axis. Further studies are required to explore the full anisotropy of the energy landscape.
Materials and Methods
Experimental Results and Kinetic Analysis. The dynamic single-molecule force measurements were performed as described in ref. 14 at several loading rates. See SI Text for details. SMD Simulations. SMD simulations of pG-PYP were performed as described in ref. 14 with a 0.1 Å/ps pulling rate and 1-ns simulation time. Simulations of ⌬25PYP for both pG and pB states were performed by using a continuum model for the solvent (23) . The simulations included a 1-ns equilibration period before the SMD run.
Free-Energy Landscape Projections. The free-energy curves as a function of molecular coordinates, q, can be expressed as (19, 20) : where kB is Boltzmann's constant, T is temperature, q t and t are the weighted mean and variance of the molecular position q, respectively; V(q, t) is the harmonic spring potential of the pulling apparatus; Wt is the total work.
